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1. ABSTRACT

Basic fibroblast growth factor (FGF-2) is a
pleiotropic cytokine which exerts its effects via four
different high affinity receptors (FGFR-1 to -4) which
function as protein tyrosine kinases. In the kidney, FGF-2
is expressed in epithelial cells already during fetal
development. During later stages, expression of the
cytokine can be found in distal tubular epithelial cells,
glomerular cells and few interstitial cells. Expression in
fibroblasts is robustly upregulated in chronic kidney
scarring pointing to an important role in fibrogenesis.
Functional studies have demonstrated that FGF-2 exerts
mainly proliferative effects on a variety of renal cell types.
In regard to fibrogenesis, the expression and induction of
proliferation in interstitial fibroblasts may be the most
important function. FGF-2 is one of the key factors
contributing to autocrine fibroblast proliferation in post-
inflammatory matrix synthesis. In addition, FGF-2
facilitates epithelial to mesenchymal transition of tubular
epithelial cells contributing early to an increase of matrix
producing cells. However, the cytokine does not contribute
directly to extracellular matrix synthesis. Still, many
aspects of FGF-2 in renal fibrogenesis remains to be
evaluated.
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2. INTRODUCTION

Historically, the relationship between the
tubulointerstitial compartment and renal function in
glomerular disease was described as early as in 1844 in
Germany (1) and in 1846 in England (2): in both
observations, tubulointerstitial scarring was found to
correlate better with the disease process than glomerular
lesions. However, in subsequent years, these observations
have been forgotten and tubulointerstitial changes observed
in glomerulopathies were considered non-relevant. That
changed in 1953 when the importance of the
tubulointerstitial space for renal function was rediscovered
by Spiihler and Zollinger, albeit in patients with primary
interstitial nephritis (3). Subsequently, in 1958, Hutt and
coworkers observed a relationship between
tubulointerstitial lesions and renal function in 15 patients
with acute glomerulonephritis (4). This relationship was
confirmed in patients with different types of
glomerulopathy and chronic tubulointerstitial disease by
Adalbert Bohles group at the University of Tuebingen,
Germany. Studies on mesangioproliferative, membranous,
focal-sclerosing, and membranoproliferative
glomerulonephritis showed convincingly a robust
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correlation between the morphometrically measured
interstitial volume and serum creatinine (reviewed in (5)).
Moreover, the extent of interstitial inflammation and
fibrosis were reliable predictors of renal function 5 or more
years later (6). Similar observations were made by the same
group also in secondary glomerulopathies such as diabetic
glomerulosclerosis (7) and glomerular amyloidosis (8).
These findings have been subsequently confirmed by many
other groups (reviewed in (9)). All in all, the overwhelming
evidence for a decisive role of tubulointerstitial
involvement in the deterioration of renal function and the
progression to chronic renal failure is not surprising given
the fact that the tubulointerstitial space occupies
approximately 80 per cent of the renal volume (10).

3. RENAL FIBROGENESIS

It has traditionally been tempting to compare the
process and result of tissue fibrosis to wound healing in the
skin. There is great heterogeneity in outcome in the latter;
fetal wounding, for example, produces no scar, adult
wounding results in an appropriate closure that contracts
and minimizes over time or, in some cases, scars enlarge to
produce keloids (11). Like wound healing in the skin, three
phases of fibrogenesis can be distinguished in the kidney;
induction, inflammatory, and post-inflammatory phases
(12). There is a certain degree of variability in these phases
which may account for heterogeneous outcomes. Renal
fibrogenesis differs from typical wound healing, however,
in that true resolution is rare. Instead, matrix synthesis
continues with insidious destruction of normal organ
architecture and eventual loss of function, interestingly
enough this process may continue despite resolution of
primary inflammation (13).

4. INDUCTION OF RENAL FIBROGENESIS AND
EFFECTOR CELLS

Renal fibrogenesis commences with the induction
phase. This phase is critical for the subsequent
accumulation of matrix proteins and is characterized by the
influx of infiltrating mononuclear cells. Interstitial
infiltrates can be found in almost all forms of primary or
secondary glomerular disease (14), with only few
exceptions (15). Infiltrating mononuclear cells are
composed mainly of monocytes/macrophages and
lymphocytes, predominantly T-lymphocytes (16). After
inflammatory cells infiltrate renal tissue, one begins to see
activation and proliferation of fibroblasts. So-called
myofibroblasts (the name is due to the de-novo expression
of alphasmooth muscle actin in these cells whose
expression is normally restricted to vascular smooth muscle
cells) are the key (though not exclusive) effector cells in
renal fibrogenesis (17). The formation of myofibroblasts
may occur via an intermediate form, the so-called
“protomyofibroblast” characterized by the acquisition of
contractile stress fibers (18). In the kidney, myofibroblasts
are derived mainly from activation of resident interstitial
fibroblasts,  albeit  differentiation  processes  of
periadventitial cells, bone marrow derived cells or tubular
epithelial cells may contribute as well (19). The
differentiation process of tubular epithelial cells refers to
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epithelial to mesenchymal transition (EMT) which was first
described by our group in 1995 by cloning of FSPI1, a
member of the S100 protein family (20). FSP1 expression
is constitutive in tissue fibroblasts under physiologic
conditions (20). In a mouse model of rapidly progressive
fibrosis (the model of unilateral ureteral obstruction), 36
per cent of interstitial matrix producing cells were of
tubular origin, i.e. generated by EMT as identified by
genetically tagged proximal tubular epithelial cells which
migrated into the interstitium and expressed de novo
mesenchymal marker proteins (21). However, the relative
contribution of EMT to myofibroblast formation may be
smaller in fibrotic disease with slower progression rates.
All in all, there is a remarkable variability in the results of
studies that evaluated the origin of renal fibroblasts. A
possible explanation for such a discrepancy is that
fibroblast recruitment may occur disease-specific (19). For
example, EMT could not be observed in a model of
overload proteinuria (22). Conversely, the specific
significance of EMT for the progression of renal disease
was shown very convincingly by Yang er al. who
demonstrated that EMT was critical for the progression of
renal disease in the UUO model compared to the tissue
plasminogen activator deficient mice (23).

5. FGF-2

Gospodarowicz and colleagues described as early
as 1974 the mitogenic effects of bovine pituitary extract on
3T3 fibroblasts which later was determined to be FGF-2
(24). Due to different translation start sites, five different
isoforms of FGF-2 can be distinguished of which only the
18 kD isoform gets secreted. It exerts its effects via four
different high affinity receptors (FGFR-1 to —4). These
FGFRs function as protein tyrosine kinases and regulate a
wide variety of cellular processes (reviewed in (25)).
Additionally, various heparin sulfate proteoglycans serve as
low affinity receptors. Moreover, recently, non-tyrosine
kinase receptors have recently been implicated in FGF-2
signalling (26). Unlike most other polypeptide growth
factors, FGF-2 does not have a leader sequence and the
mechanisms for its release are still controversial. However,
it was shown that injured cells do release FGF-2 into the
surrounding tissue (27) and the cytokine may be secreted
by viable cells as well (28).

FGFs in general are pleiotropic molecules
capable of affecting a variety of cell types and FGF-2 is no
exception (29). FGF-2 has an important role in
angiogenesis since it stimulates vascular endothelial growth
factor (VEGF) expression in endothelial and stromal cells
(30). In addition, FGF signaling controls the VEGF
receptor 2 signaling responsiveness (29). However, clinical
trials applying angiogenic growth factors in patients with
ischemic heart disease have failed to demonstrate any
therapeutic efficacy (31).

5. 1. FGF-2 in the kidney

FGF-2 expression in the kidney was first
described in 1985 when Baird and colleagues isolated the
cytokine from whole bovine kidneys (32). In the human
fetal kidney, FGF-2 expression is detectable mainly in
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epithelial cells in different stages of differentiation (33).
Takeuchi et al. and Floege et al. examined the expression
of FGF-2 in adult kidneys more closely and described
expression in some tubules, the interstitial space, but
mainly in Bowman’s capsule, the mesangial space and in
the vasculature (34, 35). However, these findings could not
be confirmed by all investigators probably due to the use of
different affinity antibodies (36). With the use of four
different antibodies, Floege and colleagues localized FGF-2
expression in normal human kidneys most consistently to
vascular smooth muscle and distal tubular epithelial cells
(37). Our own studies in human kidneys demonstrated that
FGF-2 is expressed not only in glomerular and vascular
cells but also in selected interstitial fibroblasts (38). In situ
hybridization studies and western blot analyses of
fibroblasts confirmed these results.

FGF-2 is mitogenic for many renal cell types
including glomerular endothelial (39) and glomerular
epithelial cells (34) but also for mesangial (40) and
proximal tubule cells (41). Functionally, FGF-2 may
augment podocyte injury and glomerulosclerosis in rats
induced with a model of membranous nephropathy (42). In
addition, chronic infusion of FGF-2 resulted in
glomerulosclerosis and interstitial fibrosis in rats (43). Both
studies point to a role of FGF-2 in renal sclerosing disease.
More recently, Li et al. demonstrated that FGF-2 may be
involved in renal cyst formation by overexpression of
human FGF-2 in newborn mice (44). Our group did study
the expression of FGF-2 in human diabetic nephropathy
and found a robust upregulation within the
tubulointerstitium but not within the glomerulus in kidneys
with diabetic renal involvement (Vasko et al., submitted).

Conversely, to these potential pro-fibrotic effects,
there is no study analyzing the effects of FGF-2 on renal
angiogenesis.

5. 2. Early role of FGF-2 in renal fibrogenesis

How is FGF-2 (basic fibroblast growth factor)
involved in the induction phase of renal fibrogenesis? We
do not know exactly since no study has analyzed the
expression of the cytokine carefully in a progressive animal
model. Studying human kidney biopsies with variable
degrees of interstitial inflammation and interstitial scarring,
FGF-2 expression was robustly upregulated in interstitial
and tubular epithelial cells by immunohistochemistry and
in-situ hybridization (38). Some of the interstitial cells may
have been inflammatory infiltrating cells. Moreover,
studying the functional effects on human renal fibroblasts,
we found induction of proliferation in primary cortical
fibroblasts and promotion of the expression of alpha-
smooth muscle actin in these cells indicating activation of
these cells within the induction phase (38). Ray et al
examined FGF-2 expression in a transgenic mouse model
of HIV nephropathy and found that interstitial FGF-2
staining was increased and colocalized with extracellular
matrix (45). FGF-2 expression may be induced in
inflammatory vascular processes as well as was shown by
the same group studying children with hemolytic uremic
syndrome (46). Finally, Stein-Oakley and colleagues
described  increased FGF-2  expression in  the
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tubulointerstitial space from kidneys with focal segmental
glomerulosclerosis and IgA nephropathy (47), though
again, the exact time course was not analyzed.

In regard to EMT, the effects of FGF-2 were
examined by our group a number of years ago (48). One
key feature of EMT is increased cell motility as a
characteristic property of mesenchymal cells. In our
studies, FGF-2 induced cell motility dose dependently
across a tubular basement membrane in two tubular cell
lines. In addition, the expression of the mesenchymal
marker proteins vimentin and FSP1 was induced by
incubation with FGF-2, whereas cytokeratin expression
was downregulated by immunofluorescence. These
effects were most notable in the distal tubular epithelial
cell line and were confirmed by immunoblot analyses.
Furthermore, FGF-2 stimulated FSP1 and decreased E-
cadherin promoter activities in stably tranfected tubular
epithelial cells. FGF-2 also induced intracellular
fibronectin synthesis. Conversely, fibronectin secretion
could only be stimulated by TGF-81, not by FGF-2
alone. The tubular basement membrane is a barrier
which often prevents the migration of tubular epithelial
cells into the tubulointerstitial space. Since it is
composed mainly of type IV collagen, the appropriate
matrix degrading enzymes (e.g. matrix
metalloproteinases (MMPs), particularly MMP-2 and
MMP-9) are required for degradation of the tubular
basement membrane. Thus, zymographic analyses
demonstrated that FGF-2 induced MMP-2 activity by
2.6-fold and MMP-9 activity by 2.4-fold, providing a
putative  mechanism  for basement membrane
disintegration and migratory access of transforming
epithelium to the interstitium.

Figure 1 illustrates the effects of FGF-2 on EMT.
Similar effects may be induced by other profibrotic
cytokines such as TGF-B1 (transforming growth factor) or
Oncostatin M (49), to name only a few.

5.3 . FGF-2 in the inflammatory phase of renal
fibrogenesis

During the phase of inflammatory matrix
synthesis, fibroblasts are stimulated mainly by cytokines
from infiltrating inflammatory cells as well as from
resident renal cells. Several cytokines play key roles in that
process including angiotensin II, transforming growth
factor beta (TGF-beta), connective tissue growth factor
(CTGF), epidermal growth (EGF), and platelet derived
growth factor growth factor (PDGF). Certainly, TGF-B1 is
one of most important profibrotic cytokines.

The role of FGF-2 in the inflammatory phase of
renal fibrogenesis is probably much less prominent. As was
shown by our group, FGF-2 has only marginal effects on
the synthesis of extracellular matrix proteins in renal
fibroblasts (38). However, our group was able to
demonstrate that TGF-B1 induces FGF-2 synthesis on the
mRNA and protein levels robustly and may result in the
release of preformed FGF-2. Furthermore, we
demonstrated that TGF-B81 promotes proliferation in
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Figure 1. Simplified schematic of the effects of FGF-2 on
the process of epithelial mesenchymal transition and on the
activation process of fibroblasts to myofibroblasts via the
intermediate form of the protomyofibroblast. Please note
that whereas FGF-2 does induce these differentiation
processes, it does not stimulate secretion of extracellular
matrix.

medullary and cortical fibroblasts and that this effect is
mediated mainly by induction of FGF-2 (50).

5.4 . Postinflammatory phase and FGF-2

The phase of postinflammatory matrix synthesis
distinguishes tissue fibrogenesis from typical wound
healing where resolution is expected. In this phase, the
primary inflammatory process is often confined to limited
arecas. However, despite apparent resolution of
inflammation, interstitial matrix synthesis and deposition
continue. There are several possibilities how fibrogenesis
may continue during that phase: First, stimulation by the
few remaining interstitial infiltrates is strong enough to
result in persisting fibroblast activity. Second, autocrine
loops in activated fibroblast may result in autonomous
stimulation of these cells. Lonnemann et al., for example,
observed that IL-1 secreted by fibrotic kidney derived
fibroblasts led to a mitogenic response and autocrine
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stimulation of its own secretion (51). Our own studies
emphasize the role of FGF-2 in autocrine fibroblast
proliferation since neutralization of the cytokine caused
inhibition of basal proliferation (38). Furthermore, as
indicated above, we were able to demonstrate that TGF-
betal induced synthesis and secretion of FGF-2 from
cortical fibroblasts (13). A third mechanism of
postinflammatory matrix synthesis is the interaction
between tubular epithelial cells and fibroblasts. Again,
FGF-2 seems to be involved in that process. Phillips et al.
showed that FGF-2 may stimulate release of latent TGF-
betal from proximal tubule cells and indicate the presence
of another positive feed-back loop (52). A fourth very
interesting mechanism was recently described by Wallach-
Dayan et al. in pulmonary fibrosis (53). These authors
found an overexpression of the Fas ligand (FasL) in
myofibroblasts from fibrotic lungs allowing these cells to
escape immune surveillance and to proliferate. Of course,
these findings will have to be confirmed for the kidney
(54).

Figure 2 summarizes the possible pathogenetic
mechanisms of postinflammatory matrix synthesis focusing
on FGF-2. This phase is probably characterized by the
existence of several autocrine loops. The critical role of
FGF-2 and TGF-B1 in post-inflammatory matrix synthesis
is corroborated by studies on fetal wound healing. During
fetal wound healing no scarring can be observed. However,
in post-fetal wound healing scarring commonly occurs. As
was demonstrated in a nice series of experiments, one of
the major differences besides the organization of collagen
fibers between fetal and post-fetal wound healing is the
expression of the two cytokines FGF-2 and TGF-1 which
can be easily detected in post-fetal (scarring) but not in
fetal (non-scarring) wounds (55, 56).

5.5. FGF-2 in non-renal fibrosis

Besides the kidney, FGF-2 has been implicated in
the pathogenesis of skin, liver und pulmonary fibrosis.
Gonzalez and colleagues described the association of FGF-
2 expression with proliferative fibrogenesis in patients with
Dupuytren’s contracture (57). Charlotte et al., for example,
found increased expression of FGF-2 in carbon
tetrachloride induced liver fibrosis (58). That study
confirmed already an expression of the cytokine in liver
myofibroblasts. Yu and colleagues examined the effects of
FGF-1 and FGF-2 double knock-out mice and found that
liver fibrosis was much less severe compared to regular
control mice expressing both cytokines (59). This study
again points to a profibrogenic role of FGF-2 though it is
difficult to discern the effects of FGF-2 from FGF-1 using
this approach. However, there are also some reports
claiming a beneficial effect of FGF-2 on fibrogenesis. For
example, Ishikawa and colleagues treated carbon-
tetrachloride induced liver fibrosis in mice with a
combination of bone marrow transplantation and FGF-2
and found that the combination improved matrix deposition
(60). Interestingly, Akasaka er al. described a proapoptotic
effect of FGF-2 on dermal fibroblasts and an inhibition of
alpha-smooth muscle actin expression (61), thus, opposite
effects to those described in the kidney. The potential pro-
fibrotic effects of FGF-2 are corroborated by studies using
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Figure 2. Schematic of the possible mechanisms of post-
inflammatory matrix synthesis. Autocrine and paracrine
loops of (myo)fibroblasts and tubular epithelial cells may
be involved in continous fibroblast proliferation
responsible in part for post-inflammatory matrix synthesis.

FGF deficient mice which display (mild) delays in wound
healing (62).

6. CONCLUSION AND PERSPECTIVE

There is little doubt that FGF-2 is a profibrotic
cytokine in the kidney exerting mainly proproliferative
effects on cortical fibroblasts and facilitating EMT. In
addition, robust upregulation of expression particularly in
the tubulointerstitium has been described in correlation
with scarring. However, to date no studies have been
performed in FGF-2 deficient mice and no studies have
used complete neutralization of the cytokine studying
fibrogenesis. However, vaccination therapies against FGF-
2 have been developed with some success in animal studies
(63) whereas clinical studies so far have failed due
probably to redundancy of the FGF system. In addition,
some studies in non-renal tissue point to certain anti-
fibrotic effects and certainly induction of angiogenesis may
have potential beneficial effects on the course of chronic
progressive renal failure. Thus, the effects of FGF-2 may
vary depending on the time course and maybe even
depending on the model used. Further studies are urgently
needed in order to better define the role of FGF-2 in renal
fibrogenesis.

7. REFERENCES

1. Henle J, Pfeufer C: Morbus Bright, klinische

Mitteilungen. Z Rationelle Med Ziirich 1 (1844)

2. Toynbee J: On the intimate structure of the human
kidney and on the changes of its several component parts
under Bright's disease. Med Chir Trans 29, 304-324 (1846)

3. Spiihler O, Zollinger HU: Die chronische interstitielle
Nephritis. Z klin Med 131, 1-50 (1953)

129

4. Hutt MSR, Pinniger JL, deWardener HE: The
relationship between the clinical and the histological
features of acute glomerular nephritis. Quart J Med 106,
265-291 (1958)

5. Bohle A, Miiller GA, Wehrmann M, Mackensen-Haen S,
Xiao JC: The pathogenesis of chronic renal failure in the
primary glomerulopathies, renal vasculopathies, and
chronic interstitial nephritides. Kidney Int 54 (Suppl.), S2-S9
(1996)

6. Bohle A, Wehrmann M, Bogenschiitz O, Batz C, Vogl W,
Schmitt H, Miiller CA, Miiller GA: The long-term prognosis
of the primary glomerulonephritides. Pathol Res Pract 188,
908-924 (1992)

7. Bader R, Bader H, Grund KE, Mackensen-Haen S, Christ H,
Bohle A: Structure and function of the kidney in diabetic
glomerulosclerosis. Correlations between morphological and
functional parameters. Pathol Res Pract 167, 204-216
(1980)

8. Mackensen S, Grund KE, Bader R, Bohle A: The
influence of glomerular and interstitial factors on the serum
creatinine concentration and serum creatinine concentration
in renal amyloidosis. Virchows Arch Abt A Path Anat
Histol 375, 159-168 (1977)

9. Strutz F, Neilson EG: New insights into mechanisms of
fibrosis in immune renal injury. Springer Semin
Immunopathol 24, 459-476 (2003)

10. Eddy AA: Molecular basis of renal fibrosis. Pediatr
Nephrol 15:290-301 (2000)

11. Chin GS, Liu W, Peled Z, Lee TY, Steinbrech DS, Hsu
M, Longaker MT: Differential expression of transforming
growth factor-beta receptors I and II and activation of Smad 3
in keloid fibroblasts. Plast Reconstr Surg 108, 423-429 (2001)

12. Kuncio GS, Neilson EG, Haverty T: Mechanisms of
tubulointerstitial fibrosis. Kidney Int 39, 550-556 (1991)

13. Strutz F, Miiller GA: Mechanisms of renal fibrogenesis, in
Immunologic Renal Diseases, edited by Neilson EG, Couser
WC, Philadelphia, New York, Lippincott, Williams and
Wilkins, 2001, pp 73-104

14. Strutz F, Neilson EG: The role of lymphocytes in the
progression of interstitial disease. Kidney Int 45, Suppl. 45,
S106-S110 (1994)

15. Lavaud S, Poirier B, Mandet C, Belair MF, Irinopoulou T,
Heudes D, Bazin R, Bariety J, Myara I, Chevalier J:
Inflammation is probably not a prerequisite for renal interstitial
fibrosis in normoglycemic obese rats. Am J Physiol Renal
Physiol 280, F683-694 (2001)

16. Miiller GA, Markovic-Lipkovski J, Frank J, Rodemann
HP: The role of interstitial cells in the progression of renal
diseases. J Am Soc Nephrol 2, S198-S205 (1992)



The role of FGF-2 in renal fibrogenesis

17. Strutz F, Muller GA: Renal fibrosis and the origin of
the renal fibroblast. Nephrol Dial Transplant 21, 3368-
3370 (2006)

18. Hinz B, Phan SH, Thannickal VJ, Galli A,
Bochaton-Piallat ML, Gabbiani G: The myofibroblast:
one function, multiple origins. Am J Pathol 170, 1807-
1816 (2007)

19. Strutz F, Zeisberg M: Renal fibroblasts and
myofibroblasts in chronic kidney disease. J Am Soc
Nephrol 17,2992-2998 (2006)

20. Strutz F, Okada H, Lo CW, Danoff T, Carone B,
Tomaszewski J, Neilson EG: Identification and
characterization of fibroblast-specific protein 1 (FSP1).
J Cell Biol 130, 393-405 (1995)

21. Iwano M, Plieth D, Danoff TM, Xue C, Okada H, Neilson
EG: Evidence that fibroblasts derive from epithelium during
tissue fibrosis. J Clin Invest 110, 341-350 (2002)

22. lkeda Y, Jung YO, Kim H, Oda T, Lopez-Guisa J,
Maruvada R, Diamond DL, Martin KJ, Wing D, Cai X, Eddy
AA: Exogenous bone morphogenetic protein-7 fails to
attenuate renal fibrosis in rats with overload proteinuria.
Nephron Exp Nephrol 97, 123-135 (2004)

23. Yang J, Shultz RW, Mars WM, Wegner RE, Li Y, Dai C,
Nejak K, Liu Y: Disruption of tissue-type plasminogen
activator gene in mice reduces renal interstitial fibrosis in
obstructive nephropathy. J Clin Invest 110, 1525-1538 (2002)

24. Gospodarowicz D: Localisation of a fibroblast growth
factor and its effect alone and with hydrocortisone on 3T3 cell
growth. Nature 249, 123-127 (1974)

25. Slavin J: Fibroblast growth factors: at the heart of
angiogenesis. Cell Biol. Int. 19, 431-444 (1995)

26. Murakami M, Elfenbein A, Simons M: Non-canonical
fibroblast growth factor signalling in angiogenesis. Cardiovasc
Res 78,223-231 (2008)

27. Muthukrishnan L, Warder E, McNeil PL: Basic fibroblast
growth factor is efficiently released from a cytosolic storage
site through plasma membrane disruptions of endothelial cells.
J Cell Physiol 148, 1-16 (1991)

28. Mignatti P, Morimoto T, Rifkin DB: Basic fibroblast
growth factor released by single, isolated cells stimulates their
migration in an autocrine manner. Proc Natl Acad Sci USA 88,
11007-11011 (1991)

29. Murakami M, Simons M: Fibroblast growth factor
regulation of neovascularization. Curr Opin Hematol 15, 215-
220 (2008)

30. Claffey KP, Abrams K, Shih SC, Brown LF, Mullen A,
Keough M: Fibroblast growth factor 2 activation of stromal
cell vascular endothelial growth factor expression and
angiogenesis. Lab Invest 81, 61-75 (2001)

130

31. Molin D, Post MJ: Therapeutic angiogenesis in the
heart: protect and serve. Curr Opin Pharmacol 7, 158-163
(2007)

32. Baird A, Esch F, Bohlen P, Ling N, Gospodarowicz
D: [Isolation and partial characterization of an
endothelial cell growth factor from the bovine kidney:
homology with basci fibroblast growth factor. Regul Pep
12,201-213 (1985)

33. Drummond IA, Mukhopadhyay D, Sukhatme VP:
Expression of fetal kidney growth factors in a kidney
tumor line: role of FGF2 in kidney development. Exp
Nephrol 6, 522-533 (1998)

34. Takeuchi A, Yoshizawa N, Yamamoto M, Sawasaki
Y, Oda T, Senoo A, Niwa H, Fuse Y: Basic fibroblast
growth factor promotes proliferation of rat glomerular
visceral epithelial cells in vitro. Am J Pathol 141, 107-
116 (1992)

35. Floege J, Eng E, Lindner V, Alpers CE, Young BA,
Reidy MA, Johnson RJ: Rat glomerular mesangial cells
synthesize basic fibroblast growth factor. Release,
upregulated synthesis, and mitogenicity in mesangial
proliferative glomerulonephritis. J Clin Invest 90, 2362-
2369 (1992)

36. Cauchi J, Alcorn D, Cancilla B, Key B, Berka JL,
Nurcumbe V, Ryyan GB, Bertram JF: Light-microscopic
immunolocalization of fibroblast growth factor-1 and -2
in adult rat kidney. Cell Tissue Res 285, 179-187 (1996)

37. Floege J, Hudkins KL, Eitner F, Cui Y, Morrison
RS, Schelling MA, Alpers CE: Localization of fibroblast
growth factor-2 (basic FGF) and FGF receptor- 1 in
adult human kidney. Kidney Int 56, 883-897 (1999)

38. Strutz F, Zeisberg M, Hemmerlein B, Sattler B,
Hummel K, Becker V, Miiller GA: Basic fibroblast
growth factor (FGF-2) expression is increased in human
renal fibrogenesis and may mediate autocrine fibroblast
proliferation. Kidney Int 57, 1521-1538 (2000)

39. Ballermann BJ: Regulation of bovine glomerular
endothelial cell growth in vitro. Am J Physiol 256,
C182-C189 (1989)

40. Silver BJ, Jaffer FE, Abboud HE: Platelet-derived
growth factor synthesis in mesangial cells: induction by
multiple peptide mitogens. Proc Natl Acad Sci USA 86,
1056-1060 (1988)

41. Kanda S, Nomata K, Saha PK, Nishimura N,
Yamada J, Kanatake H, Saito Y: Growth factor
regulation of renal cortical tubular cells by epidermal
growth factor, insulin-like growth factor-1, acidic and
basic fibroblast growth factor, and transforming growth
factor-B. Cell Biol Int Rep 13, 687-699 (1989)

42. Floege J, Kriz W, Schulze M, Susani M, Kerjaschki D,
Mooney A, Couser WG, Koch KM: Basic fibroblast growth



The role of FGF-2 in renal fibrogenesis

factor  augments podocyte injury and  induces
glomerulosclerosis in rats with experimental membranous
nephropathy. J Clin Invest 96, 2809-2819 (1995)

43. Kriz W, Héhnel B, Rosener S, Elger M: Long-term
treatment of rats with FGF-2 results in focal segmental
glomerulosclerosis. Kidney Int 48, 1435-1450 (1995)

44. Li Z, Jerebtsova M, Liu XH, Tang P, Ray PE: Novel
cystogenic role of basic fibroblast growth factor in developing
rodent kidneys. Am J Physiol Renal Physiol 291, F289-296
(2006)

45. Ray PE, Bruggeman LA, Weeks BS, Kopp JB, Bryant JL,
Owens JW, Notkins AL, Klotman PE: bFGF and its low
affinity receptors in the pathogenesis of HIV-associated
nephropathy in transgenic mice. Kidney Int 46, 759-772 (1994)

46. Ray PE, Liu XH, Xu L, Rakusan T: Basic fibroblast
growth factor in HIV-associated hemolytic uremic syndrome.
Pediatr Nephrol 13, 586-593 (1999)

47. Stein-Oakley AN, Maguire JA, Dowling J, Perry G,
Thomsom NM: Altered expression of fibrogenic growth
factors in IgA nephropathy and focal and segmental
glomerulosclerosis. Kidney Int 51, 195-204 (1997)

48. Strutz F, Zeisberg M, Ziyadeh FN, Yang CQ, Kalluri R,
Muller GA, Neilson EG: Role of basic fibroblast growth
factor-2 in epithelial-mesenchymal transformation. Kidney Int
61, 1714-1728 (2002)

49. Pollack V, Sarkozi R, Banki Z, Feifel E, Wehn S,
Gstraunthaler G, Stoiber H, Mayer G, Montesano R, Strutz F,
Schramek H: Oncostatin M-induced effects on EMT in human
proximal tubular cells: differential role of ERK signaling. 4m J
Physiol Renal Physiol 293, F1714-1726 (2007)

50. Strutz F, Zeisberg M, Renzichausen A, Raschke B, Becker
V, van Kooten C, Muller G: TGF-beta 1 induces proliferation
in human renal fibroblasts via induction of basic fibroblast
growth factor (FGF-2). Kidney Int 59, 579-592 (2001)

51. Lonnemann G, Shapiro L, Engler-Blum G, Miiller GA,
Koch KM, Dinarello CA: Cytokines in human renal interstitial
fibrosis. I. IL-1 is an autocrine growth factor for cultured
fibrosis-derived kidney fibroblasts. Kidney Int 47, 837-844
(1995)

52. Phillips AO, Topley N, Morrisey K, Williams JD,
Steadman R: Basic fibroblast growth factor stimulates the
release of preformed transforming growth factor beta 1 from
human proximal tubular cells in the absence of de novo gene
transcription or mRNA translation. Lab Invest 76, 591-600.
(1997)

53. Wallach-Dayan SB, Golan-Gerstl R, Breuer R: Evasion of
myofibroblasts from immune surveillance: a mechanism for
tissue fibrosis. Proc Natl Acad Sci U S A 104, 20460-20465
(2007)

54. Strutz F: The great escape-myofibroblasts in renal
fibrogenesis and the immune system. Nephrol Dial
Transplant in press (2008)

131

55. Whitby DJ, Ferguson MWIJ: The extracellular matrix of
lip wounds in fetal, neonatal, and adult mice. Development
112, 651-668 (1991)

56. Whitby DJ, Ferguson MWIJ: Immunohistochemical
localization of growth factors in fetal wound healing. Dev
Biol 147,207-215 (1991)

57. Gonzalez AM, Buscaglia M, Fox R, Isacchi A,
Sarmientos P, Farris J, Ong M, Martineau D, Lappi DA,
Baird A: Basic fibroblast growth factor in Dupuytren's
contracture. Am J Pathol 141, 661-671 (1992)

58. Charlotte F, Win KM, Preaux AM, Mavier P,
Dhumeaux D, Zafrani ES, Rosenbaum J:
Immunolocalization of heparin-binding growth factors
(HBGF) types 1 and 2 in rat liver. Selective
hyperexpression of HBGF-2 in carbon tetrachloride-
induced fibrosis. J Pathol 169, 471-476 (1993)

59. Yu C, Wang F, Jin C, Huang X, Miller DL, Basilico C,
McKeehan WL: Role of fibroblast growth factor type 1 and
2 in carbon tetrachloride-induced hepatic injury and
fibrogenesis. Am J Pathol 163, 1653-1662 (2003)

60. Ishikawa T, Terai S, Urata Y, Marumoto Y, Aoyama K,
Murata T, Mizunaga Y, Yamamoto N, Nishina H, Shinoda
K, Sakaida I: Administration of fibroblast growth factor 2
in combination with bone marrow transplantation
synergistically improves carbon-tetrachloride-induced liver
fibrosis in mice. Cell Tissue Res 327, 463-470 (2007)

61. Akasaka Y, Ono I, Tominaga A, Ishikawa Y, Ito K,
Suzuki T, Imaizumi R, Ishiguro S, Jimbow K, Ishii T:
Basic fibroblast growth factor in an artificial dermis
promotes apoptosis and inhibits expression of alpha-smooth
muscle actin, leading to reduction of wound contraction.
Wound Repair Regen 15, 378-389 (2007)

62. Ortega S, Ittmann M, Tsang SH, Ehrlich M, Basilico C:
Neuronal defects and delayed wound healing in mice
lacking fibroblast growth factor 2. Proc Natl Acad Sci U S
A 95, 5672-5677 (1998)

63. Plum SM, Holaday JW, Ruiz A, Madsen JW, Fogler
WE, Fortier AH: Administration of a liposomal FGF-2
peptide vaccine leads to abrogation of FGF-2-mediated
angiogenesis and tumor development. Vaccine 19, 1294-
1303 (2000)

Key Words: FGF, Fibroblast growth factor, Angiogenesis,
Kidney, Review

Send correspondence to: Frank Strutz, Department of
Nephrology and Rheumatology, Georg-August-University
Medical Center, Robert-Koch-Str. 40, 37099 Goettingen,
Tel:  49-551-396981,  Fax:  49-551-398906, E-
mail:fstrutz@gwdg.de

http://www.bioscience.org/current/volS1.htm



